Searches for planetary transits find many astrophysical false positives as a by-product. There are four main types analyzed in the literature: a grazing-incidence eclipsing binary star, an eclipsing binary star with a small radius companion star, a blend of one or more stars with an unrelated eclipsing binary star, and a physical triple star system. We present a list of 69 astrophysical false positives that had been identified as candidates of transiting planets of the on-going XO survey. This list may be useful in order to avoid redundant observation and characterization of these particular candidates independently identified by other wide-field searches for transiting planets. The list may be useful for those modeling the yield of the XO survey and surveys similar to it. Subsequent observations of some of the listed stars may improve mass-radius relations, especially for low-mass stars. From the candidates exhibiting eclipses, we report three new spectroscopic double-line binaries and give mass function estimations for 15 single lined spectroscopic binaries.
Introduction
A planetary transit indicates that the orbital inclination i ≈ 90
• , so the projection factor sin (i) is near unity and thus measurements of the radial velocity (hereafter RV) of the star, which mass is known, reveal the true mass of the planet, M p , not just the product M p sin (i). Furthermore, the photometric depth of a transit indicates the ratio of the planetary radius to the stellar radius.
With increasing precision of the observations, planetary transits provide a wealth of information about the physical characteristics of the planet and the star (see e.g. Charbonneau 2007 ). Because of their importance, much effort has been applied to finding transiting planets and dozens have been reported. 1 The results described in this work originate from the XO project (McCullough et al. 2005) , and because the characteristics of that survey are similar to other transit surveys such as HAT (Bakos et al. 2002) , WASP (Pollacco et al. 2006) , TrES (Dunham et al. 2004) , some of the results may be helpful to avoid redundant observations for transit candidates selected by these surveys.
Planetary transit surveys produce a large number of homogeneous photometric measurements. Paczyński (2000) listed many ways in which data collected by massive photometric surveys can be used for astrophysical research. During planetary searches many objects mimicking planetary transits are discovered: eclipsing binaries (EB) on grazing incidence orbits, small stars transiting larger stars (e.g. an M dwarf plus an F dwarf or a dwarf and a giant) or eclipsing binary systems with the orbital periods between 0.5 d and 10 d (typical period search criteria) diluted by a bright star (either physically connected or not) which reduces the eclipse depth to approximately 1 %. In grazing-incidence case, the orbital period is two times longer than the photometric one and these systems can sometimes be distinguished if the odd and even eclipses have different depths, which implies different surface brightnesses, or the separation in time from one eclipse to the next is bimodal, which would imply an eclipsing binary in an eccentric orbit. It is sometimes extremely difficult to prove the true nature of transiting objects (see e.g. Hoyer et al. 2007 ). Creevey et al. (2005) , Young et al. (2006) and Beatty et al. (2007) showed that follow up observations of these stellar transits can further our knowledge of the K and M dwarfs.
Transiting extrasolar planets are typically found by photometric surveys and later-on confirmed by RV observations. More often than not, the subsequent RV measurements reveal not a planet but an astrophysical false positive (Brown 2003) . In this paper we report on some of the astrophysical false positives observed by the XO project (McCullough et al. 2005) . The structure of the paper is as follows: §2 describes the photometric observations and their analysis, §3 describes the list of astrophysical false positives and compares it with other similar lists, §4 discusses the radial velocity measurements followed by discussion of selected objects in §5 and conclusions in §6.
Photometric observations and their analysis
McCullough et al. (2005) described the equipment and the observation strategy associated with the data analyzed here. Since September 2003 two XO cameras have operated autonomously at Haleakala summit in Hawaii. Each camera consists of a wide-field 200 mm f/1.8 lens combined with a 1024×1024 pixel CCD detector observing in the 0.4 µm to 0.7 µm band-pass. The field of view is 7.
• 2×7.
• 2. Each pixel is 24 µm yielding an image scale of 25.
′′ 4 per pixel. Both cameras are attached to the same German-equatorial mount, operating in a drift-scan mode along the N-S strips. Each star is observed by both cameras every 10 minutes with 54 s exposures. On many nights, some stars are observed for less than 4 h so frequently only an ingress or an egress is observed. Up to 45000 stars brighter than 13.3 mag in V per strip are analyzed for planetary transits. The standard deviation of photometric time series for stars brighter than 12 mag is typically less than 10 mmag. Stars brighter than 8.5 mag are saturated and thus not analyzed.
Here we present an analysis of seven strips each 7.
• 2 wide, covering declinations from 0 • to 63
• and centered at right ascensions 0, 4, 7.5, 8, 12, 15.5 and 16 hours. Since we observe each strip for ≈4 months each year, for some targets only a few transits are observed which leads to possible period ambiguities. In present study we have used data collected during: two and a half seasons for 0 and 4 h RA strip, one season for 15.5 h RA strip and two seasons for the rest of the strips.
Two different methods were employed to correct photometric data for systematic errors: SysRem (Tamuz et al. 2005) and one described by McCullough et al. (2005) . Each of these methods produced one set of input data for planetary transit search, for which we used the Box-fitting Least Squares algorithm (BLS; see Kovács et al. 2002) , as modified by McCullough et al. (2005) . For the most promising candidates we combined BLS results (depth, period and duration of the transit) with catalog information to estimate the planetary radius and other ancillary facts related to the star.
Because of the large pixel scale of the XO cameras, there is a substantial possibility that a nearby bright star can contaminate the light from an EB, mimicking a planetary transit. Thus, for each candidate we calculated the fraction of light (hereafter FL75) within the XO photometric aperture (r = 75 ′′ ) from varying source using the 2MASS point-source catalog (Skrutskie et al. 2006) . The estimate of FL75 gives possibility to better constrain undiluted transit depth:
Where δm is transit depth found using BLS on XO data and δm F L75 is expected undiluted depth. At the beginning of selection process it is not known which of the stars situated within XO photometric aperture is varying and only lower limit on δm F L75
can be constrained. One should note that the true transit depth can differ from the XO one also because BLS fits a box-shaped function to the transit and in most cases BLS underestimates the depth. One of the methods used for identification of blended double system involves centroid shift (McCullough & Burke 2007; Burke et al. 2006) . For each candidate we compared astrometric positions measured during in-transit and out-of-transit observations. In this paper we present three candidates eliminated only using centroid shift. Standard deviations of mean positions were ≈ 0.
′′ 03 in almost all cases.
Follow-up photometric observations of selected candidates are conducted by the XO Extended Team (hereafter ET) with higher angular resolution and in several band-passes. The ET is composed of amateur astronomers whose observing sites are dispersed widely in longitude. Their observations often show blended neighbors of target stars. The ET observations also have higher photometric precision and better timing of transits which is useful for improving the accuracy of the ephemerides and identifying the nature of transiting planet candidates. Representative light curves from ET observations are shown in other papers (Burke et al. , 2008 McCullough et al. 2006; Johns-Krull et al. 2008; Garcia-Melendo & McCullough 2009 ). Table 1 lists stars which passed automated selection criteria and showed variations similar to a planetary transits on the XO photometric data. We report there: 2MASS designation, the XO brightness (m XO ), FL75, transit properties given by BLS (depth δm, duration t dur , period P and time of epoch T 0 ), δm F L75 , the type of the astrophysical false positive and additional remarks. Figure 1 shows exemplary light curves for astrophysical false positives.
List of astrophysical false positives
The XO data presented here cover an area of 3539 deg 2 , with 69 astrophysical false positives.
The SuperWASP fields analyzed by Christian et al. (2006) , Clarkson et al. (2007) and Kane et al. (2008) We identified only two objects listed in Table 1 in common with these lists: J00023. . . and J1157. . . , for which transits were found by SuperWASP project. These stars are described in more detail in §5. The reason for such a small number of common objects may result from different automated cutoff limits of calculated quantities, and the fact that the fraction of recovered transits does not equal unity for all periods under consideration. The observing window causes problems with revealing transits occurring at some periods, especially integer-day and long ones. Simulations show that the fields analyzed by Christian et al. (2006) were observed sufficiently to recover all transits shorter than 3 d. This is also true for half of the fields observed by Kane et al. (2008) and not true for the analysis presented by Clarkson et al. (2007) . Another similar lists were presented by O'Donovan et al. (2007), Street et al. (2007) and Lister et al. (2007) but their fields did not overlap the XO fields.
As marked in Table 1 some of astrophysical false positives have flat-bottomed transits (U-shape) and others have long ingress and egress with little or no "bottom" (V-shape). If ET observations exist they were used to assign U or V. The former (U-shaped) presumably are showing total eclipses and the latter (V-shaped) are on grazing incidence orbits. Because some of the U-shaped transits may be caused by eclipsing M dwarfs (or even brown dwarfs) they are good targets for additional followup observations.
Radial Velocity measurements
Only a few of the XO candidates turned out to be planets (Burke et al. , 2008 Johns-Krull et al. 2008; McCullough et al. 2006 McCullough et al. , 2008 . Table 1 demonstrates the importance of the ET followup photometry to the XO project in order to keep the false positive rate for RV measurements low, as spectroscopic verification requires precious time on large telescopes. Scheduling RV measurements is straight forward because the RV is changing all the time, whereas the planetary transit reveals itself only for a few percent of the period. Sometimes two RVs show a difference much larger than 1 km·s −1 (planets orbiting other stars typically show smaller RV amplitude) and prove the companion is not a planet. The advantage of taking spectra is more pronounced for long-period objects or ones with periods close to an integer number of days, e.g. OGLE-TR-111-b whose transits were unobservable from northern Chile in 2007 (Minniti et al. 2007 ).
Spectra were taken using spectrographs at: 2.7 m Harlan J. Smith Telescope (HJS) at McDonald Observatory, 4 m Nicholas U. Mayall Telescope at Kitt Peak National Observatory and 11 m Hobby-Eberly Telescope (HET) at McDonald Observatory. For detailed description of the spectrographs see Tull et al. (1995) , the KPNO website 2 and Tull (1998), respectively. Exposure times were between 150 s and 1800 s. Typical 2 http://www.noao.edu/kpno/manuals/echman/ resolution (λ/∆λ) was ≈ 60, 000.
In this work the astrophysical false positives that produce large (≫ 1 km·s −1 ) RV variation do not require the analysis used for planets (McCullough et al. 2006 ). Instead we applied less precise and simpler method. All the spectra had the wavelength solutions calculated using the ThAr arc lamp which was observed during each observing night. The spectra were crosscorrelated using Tonry & Davis (1979) method with the solar spectrum (Kurucz et al. 1984) . For HJS, Mayall and HET telescopes respectively, for each spectrum 11, 8 and 19 orders were usually used with average lengths of 60Å, 65Å and 59Å. The main sources of the RV errors are: insufficiently accurate wavelength solution, the spectral type mismatch (see e.g. Nidever et al. 2002) , and to a much smaller degree, convective blueshift and gravitational redshift.
Three stars (J00121. . . , J0813. . . and J1157. . . ) showed evidence for large rotational broadening. For these stars telluric lines from Hα region were removed and projected rotation speed of the star (v sin i) was found by minimizing χ 2 between the rotationally broaden solar template and the observed spectrum in Hα region. This region was chosen because abundance of Hydrogen does not change as much as it does for other elements from star to star and it gave us many data points. It was repeated for every spectrum of a target star and results were averaged to obtain the final v sin i estimation. For these 3 stars, we cross correlated their spectra with rotationally broaden solar template.
Some stars exhibit significant RV variations (≫ 1 km·s −1 ) and thus they were removed from the target list as stellar EBs. For most of them we had 1 or 2 observations from each of 2 different nights. We assumed our photometric ephemerides were correct and the orbits are circular. For some objects we give better ephemeris in notes for Table 1 and these are the ones used for the calculations. Then, the radial velocity (RV (t)) measured at the time (t) should follow the relation:
which allowed us to estimate the values of semiamplitude (K) and systemic velocity (RV 0 ). All of these systems show eclipses so i ≈ 90
• . We used the RV semi-amplitude K and the period to determine the mass function (f (m)). An approximate mass estimate (m est ) for the less massive companion follows if we assume its mass is much smaller than the mass of the primary (M ):
To estimate M we used J −H colors from 2MASS, mass-colour relations from Drilling & Landolt (2000) and assumed the primary is a main sequence star. One should note these m est are rough estimates done mainly for choosing targets for follow-up observations. Table 2 gives the journal of RV measurements for stars with significant RV shift. shift . Table 3 summarizes results for these binaries. We found no RV data for these systems in external databases (e.g. ADS and SIMBAD). For stars with exactly 2 RV measurements, K and RV 0 were calculated directly and in all other cases we produced a least-squares estimate. For 2 targets (J00021. . . and J0007. . . ) we were not able to fit a model (Equation 2) to the data, because each had a dubious period, considerable measurement uncertainty, or perhaps due to a non-circular orbit. For J2359. . . we found negative K, presumably due to an incorrect photometric period or phase. In both these cases we have estimated a lower limit of K as half of the difference between maximum and minimum RV (t), and associated lower limits of f (m) and m est , with the caveat that the latter depends on the period. There is small possibility that J2359. . . is a rare example of an EB with components of similar effective temperatures, an eccentric orbit, and the smaller star transiting the larger one, but the secondary eclipse is not observed due to the inclination.
We have revealed six new double line spectroscopic binaries namely: J03482. . . , J0722. . . , J0727. . . , J1511. . . , J1540. . . and J23565. . . .
Notes on selected stars
J00021. . . The period is unreliable. We did not find one which fits well to our photometry and RVs. The egress is ≈1 h long and only 2 transits were observed (2452912.833 JD and 2453295.824 JD). A 22 d period was used to estimate f (m) and m est . J00023. . . This object was identified independently by Christian et al. (2006) . Time of their epoch (taken with weight 3) and ET observation were used to refine the ephemeris for transit center: T c = 2453653.7774 + E · 2.37554. Christian et al. (2006) report a companion radius equal to 2.07 R J ; ours is 2.4 R J . Christian et al. (2006) also report a large ellipsoidal amplitude. There are two stars of similar brightness 1.
′′ 2 apart, thus probably one of them is an EB with twice larger amplitude demonstrating a stellar nature of the "transiting" object. The centroid shift method applied to the XO data is not sensitive to such small separations.
J0015. . . The brightest object within the XO photometric aperture is 2MASS J001524.05+325625.2 (J = 10.48). We have found significant centroid shift in XO data at PA = 339.
• 5. The closes star with similar PA is 001523.09+325708.2 (J = 12.54, PA = 344.
• 4 and d = 44. ′′ 7), but another possibility is that 2MASS J001516.43+325849.4 (J = 10.67, PA = 326.
• 4 and d = 173. ′′ 2) causes observed variability.
J040022. . . The XO observed only 2 partial transits of this object, separated by 34 d. Both ingress and egress last ≈3 h. We observed a local minimum of RV with the Mayall telescope one season later than the latest XO photometry (see Figure 2 ). The ephemeris which fits all of our data, T c = 2452964.12 + E · 17.08, was used for calculations in Table 3 . The B −V = 1.0, the eclipse is U-shaped with long ingress and egress. The best solution we have found it is a K giant orbited by a dwarf. Kane et al. (2008) Table 3 and ephemeris given in §5.
J1157. . . This candidate was identified independently by
ephemeris is T c = 2453866.0476 + E · 5.61829 and it was used to obtain values presented in Table 3 .
J1516. . . We have observed only a few transit events for this star. The best observation showed egress beginning 2453878.95 JD and ending 2453880.10 JD. Thus egress lasts ≈3.5 h and the whole transit is ≈27.5 h (see Figure 3 ) so we interpret it as a long period system. The shortest time difference between transits observed by XO is ≈ 26 d, i.e. three times longer than value found using BLS. The fact that eclipses are observed implies inclination close to 90
• . If we also assume mass of the primary star 1M ⊙ than the crude estimate (Eq. 2 McCullough et al. 2006 ) of the stellar radius is 6R ⊙ . I depends on period assumed: a period of 50 d gives half the former radius. We assign this candidate to be a giant orbited by a main sequence star.
Conclusions
This paper presents list of 69 stars with light curves that mimic planetary transits but the follow-up investigation demonstrated they are instead astrophysical false positives: grazingincidence orbits of EBs, eclipses of a large star by an M dwarf, or eclipsing systems whose light has been diluted by a nearby bright star. Fifteen light curves were classified as V-shape and fifteen as U-shape. The list can be helpful for others searching for transiting planets, and also for eclipsing Most of the stars in Table 1 are located in the strips centered at 0 and 4 hours RA. Those strips were the first to be observed. With greater experience, our improved algorithms (McCullough & Burke 2007 ) produced a smaller number of astrophysical false positives from other strips. Transit depths found by the BLS algorithm range from 4 mmag to 69 mmag. In Figure 4 we present histogram of periods presented in Table 1 . Most of astrophysical false positives have periods shorter than 3.5 d. Obviously, probability of detecting short lasting events like transits is lower for longer period objects.
RVs presented in this paper have typicall uncertainties of 400 m/s. For 15 single-line spectroscopic binaries we have estimated mass function. Six new double-line spectroscopic binaries were revealed. Additional remarks for some objects were given.
The most interesting objects for follow-up observations, which aim is to find low-mass secondaries of EBs, are systems with the smallest value of mass function given in Table 3 . Among the stars without RV measurements the ones with the smallest transit depths and U-shaped eclipses should be the most promising.
R. P. is grateful to the AURA for the Summer Student Program at STScI as well as I. This 2-column preprint was prepared with the AAS L A T E X macros v5.2. c The XO amplitude is 0.07 mag and it is too big for a planetary transit.
d The ET measured the R amplitude 0.065 mag which is too big for a planetary transit.
e The R amplitude ≥0.07 mag and the transit lasts at least 6 h, so it is too deep and too long for a planetary transit.
f ET observations showed the R amplitude ≥0.11 mag and were used to find better ephemeris: Tc = 2453550.9416 + E · 7.58945.
g The ET observations showed it is an EB with different depths and half period. The ephemeris is: Tc = 2453351.9538 + E · 2.33781. h δmF L75 is smaller than δm. It shows our estimation of photometric aperture is not working well in this case. ET found R amplitude ≥ 0.80 mag.
i Secondary eclipses were observed by the XO.
j The ET found R amplitude ≥0.058 mag. There is a bright stars nearby. The ingress and the egress lasts ≈2 h each. Most probable periods are 15.7191 d and 7.8595 d.
k If double period is used than out of transit variation is seen on the XO data. There is brighter nearby star 2MASS J040026.26+022555.7 and centroid shift was found at PA = 239.
• 0. The star 040025.10+022526.6 is situated d = 34.
′′ 7 apart at PA = 237.
• 0.
l Fabricius et al. (2002) found this is a visual binary and gave it designation TDSC 8509. The brighter component is 2MASS J040049.67+532237.3. Centroid shift was found in XO data at PA = 17.
• 2. We revealed TDSC 8509 B (2MASS J040052.03+532245.9) to be a binary system itself. It is located d = 36.
′′ 4 apart at PA = 13.
• 7.
m If we assume this star to have Jupiter size planet than given period gives us estimation of transit length of ≈1.9 h and length measured on the XO data is too long. ET show even longer event lasting ≈4 h. q Better ephemeris was found using the ET observations: Tc = 2453419.8112 + E · 2.44269.
r Better ephemeris was found using the ET observations: Tc = 2453436.7858 + E · 2.71387.
s Shows different depth transits when phased with four times longer period. Out of transit variation is observed.
t This is known double star. It has one designation in 2MASS thus FL75 is 1.0, but should be ≈0.5. We are designating components: 151843.24+533338.8SW (CCDM15187+5334A) and 151843.24+533338.8NE (CCDM15187+5334B). See Dommanget & Nys (2002) for more information.
u The ET observations show the transit at least 0.05 mag deep so companion is thus at least 2RJ what is too big for a planet.
v The XO amplitude is 0.09 mag.
w The ET found filter-dependent amplitudes: 0.02 mag in B, 0.03 mag in V and 0.04 mag in R.
x The ET found that R amplitude is 0.07 mag.
y The Period is dubious (may be even 5 times longer) because only 1 ingress and 2 egresses were observed. The XO amplitude is 0.03 mag. The ET found R and V amplitudes are 0.04 mag and transit duration is at least 3 h. 
